1. Introduction {#sec1}
===============

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) is now widely used to analyze free radical species in living body and materials. Possibility of application of ESR is studied in a forensic science area. It can be potentially used for estimating postmortem duration in the cause of death. Pashinian and Proshut \[[@B1]\], who suggested the potential of using ESR in forensic medicine, attempted to determine the time of the occurrence of mechanical trauma by measuring the ESR signals of bone marrow. Several studies have analyzed blood by ESR, because blood contains iron-containing proteins such as hemoglobin. Uzeneva \[[@B2]\], for example, studied on the ESR signals of posttraumatic blood. Mil\' et al. \[[@B3]\] reported that the ESR signal intensity of blood of patients exposed to radiation at the Chernobyl nuclear accident is higher than that of healthy people. Nakamura et al. \[[@B4]\] reported on ESR signals induced by ionizing radiation in teeth. Quarino and kobilinsky. \[[@B5]\] used ESR to detect human hemoglobin from bloodstains. Türkes et al. \[[@B6]\] analyzed blood stored under blood bank conditions using ESR. They reported that the intensity of ESR signals from methemoglobin, nonheme irons, and organic radicals in dried human blood increase with time. Fujita et al. \[[@B7]\] showed that ([1](#EEq1){ref-type="disp-formula"}) ESR signals from bloodstains are effective in estimating the age of human and ([2](#EEq2){ref-type="disp-formula"}) ESR signals regularly change over time within the period of 432 days. In these ESR studies, measurements were performed at low temperature (140°K) for detecting the ESR signal of protein-bonded ions. As described above, ESR is now widely used to analyze living body and material in forensic medicine, and it can be potentially used to estimate the age of human from bloodstains. In those cases, ESR measurements were performed at room temperature unless otherwise mentioned. However, with the exception of blood, few studies have examined the postmortem changes in ESR signals found in organs and tissues. In this study, we investigated the origins of ESR signals in postmortem tissues and the time courses of changes in the signals.

ESR spin trapping and probing is a method that has recently attracted attention and is used to analyze the free radicals of tissues. ESR spin trapping method is performed by a conventional X-band ESR analysis system \[[@B8], [@B9]\], which detects individual radical types as spin adducts and identify and quantify reactive oxygen species (ROS) types based on the signal patterns. ESR spin probing method has recently been applied to three-dimensional ESR imaging for living body \[[@B10]--[@B14]\], but the method has to analyze relatively weak signals from living body \[[@B15], [@B16]\]. Ascorbic acid (AsA) is a superior scavenger; it reacts with hydroxyl radicals strongly, the rate of reaction is 7.0 × 10^9^--1.1 × 10^10^ M^−1^S^−1^ \[[@B17]\], and Ascorbyl radical (AsA\*) is generated after the reaction. The detection of ESR signals of AsA\* is straightforword, because the spin trap adduct signal of AsA\* is simple. AsA\* has a possibility as an important indicator for oxidation stress in tissue. Previous study of AsA\* spin adduct signal was limited to tissues having strong oxidative stresses or AsA administration mouse having a high AsA\* level. A doublet peak spectrum was found to obtain following AsA injection in mouse, and the signals were confirmed in different ways due to AsA\* \[[@B18]\]. It was reported that ([1](#EEq1){ref-type="disp-formula"}) tissue constantly suffers from the oxidation of AsA and iron proteins \[[@B19]\] and ([2](#EEq2){ref-type="disp-formula"}) the oxidation reaction could proceed by the reaction of AsA by these recycle Fenton reactions \[[@B20]\]. AsA\* was detected in those tissue suffering from oxidative stress. DMPO-(5,5-dimethtyl-1-pyrroline N-oxide) AsA\* was detected in oxidative stress mouse skin induced by X-ray irradiation \[[@B21]\]. A method to detect DMPO-AsA\* signal with a high sensitivity from a brain was reported recently by Masumizu et al. \[[@B22]\]. Since ESR signals of the tissues are extremely weak, the detection of signals has been difficult by conventional methods due to water-induced dielectric loss (WIDL). However, the detection of DMPO-AsA\* from a normal organ without oxidation stress was also difficult. To minimize WIDL in biotissues, we attempted to detect tissue free radicals by modifying ESR cuvettes and using DMPO. As normal tissue samples, brain, hart, lung, liver, kidney, pancreas, muscle, skin, and whole blood of mice were used. From these tissues, various ESR spin adduct signals including DMPO-AsA\*, DMPO-superoxide anion radical (OOH), and DMPO-hydrogen radical (H) signal were detected. The postmortem changes in AsA spin adduct and other signals were monitored up to 205 days. Possible application of AsA\* adduct signal as a natural oxidation stress indicator was also investigated through these experiments.

2. Materials and Methods {#sec2}
========================

2.1. Generation of Standard Free Radicals and the Measurement of ESR Signal {#sec2.1}
---------------------------------------------------------------------------

In accordance with the methods of Masumizu et al. \[[@B22]\], multiple standard free radicals were generated by following the radical generation system, and the *g*-value and hfcc of each spin adduct were obtained by ESR-spin trapping method. A spin trapping agent (10--50 *μ*L) and a reaction liquid of the following free radical generation system (10--50 *μ*L) were placed on a high purity quartz cuvette, which was covered with a cover glass (0.15 mm in thickness), and spin adduct signals were measured by an ESR. Cover glass was bonded to the cuvette with the surface tension of spin trapping agent. Spin trapping agents used in this study were DMPO (100 w/w%, liquid), 5-(dipropoxy phosphoryl)-5-methyl-1-pyrroline N-oxide (DPPMPO) (50--500 mM, dimethyl sulfoxide solution). The signal ratio was obtained for each measurement using the signal of MnO, an internal standard substance, as a standard.

2.2. Standard Free Radical Adduct Signal {#sec2.2}
----------------------------------------

Standard ESR signals of various free radicals were provided by the following systems.

### 2.2.1. Superoxide Anion Radical Generation System {#sec2.2.1}

Superoxide was generated with a hypoxanthin-xanthine oxidase reaction system. Superoxide dismutase (SOD) solution (30 *μ*L) (0.1 phosphate buffer/saline, pH 7.8, 200 U/mL) was added to it, and an appeared peak is assigned to DMPO-OOH (superoxide radical) or DPPMPO-OOH.

### 2.2.2. Hydroxyl Radical Generation System {#sec2.2.2}

Hydroxyl radicals were generated from the reaction of 10 mmol/L FeSO~4~ and 20 mmol/L H~2~O~2~ (Fenton reaction). Hydroxyl radical were confirmed by adding 30 *μ*L AsA solution (0.1 mol/L AsA), and tan appeared peak is assigned to DMPO-OH (hydroxyl radical) or DPPMPO-OH.

### 2.2.3. AsA\* Generation System {#sec2.2.3}

AsA\* was generated by reacting hemoglobin (0.1 w/w%) and AsA (1 mmol/L). AsA\* was also generated by adding 10 *μ*L L-ascorbic acid solution (10 mmol/L) to the 10 *μ*L hydroxyl radical generation system described above.

### 2.2.4. Hydrogen Radical {#sec2.2.4}

Hydrogen radical was generated by hematoporphyrin (1 w/w%) with UV irradiation at 365 nm (the intensity: 5 mW/cm^2^) (Ushio Optical Modulex, SX-UI 500MQQ)(Ushio, Tokyo, Japan). Hydrogen radical is also generated by electrolyzing 0.01 w/w% NaCl solution with TI-8000 (Nihon Trim, Osaka, Japan). For confirming the generation of hydrogen radicals, DBNBS was added to the hydrogen radical solution and the color of the solution was observed to be orange (P2002-350420A). The *g*-value of free radical signal obtained and identifyied and the signal was identified by the calculation of both frequency and magnet field of the ESR signal. For correcting internal cavity for quantitative analysis, manganese oxide (MnO) was used as the internal standard of ESR cavity. DMPO signals were recorded between 3rd and 4th MnO signals. The relative intensity of radicals was calculated by comparison with the 3rd MnO signal intensity. The *g*-value and the distance (mT) between the peaks for hfcc were measured by software coming with ESR device. ESR equipment and its condition used in this study were followings. The measurements of *g*-value and hfcc were calculated by analysis software (A-System vl.40 ISAJ, FA-manager vl.20, JES, Tokyo, Japan) accompanying with ESR spectrometer. Numerical value was measured more than three times, and the numerical maximum dispersion range is shown in ± number.

2.3. Equipment {#sec2.3}
--------------

Electron spin resonance (ESR) spectrometer (JEOL, JES-FA200 spectrometer, Tokyo). ESR spectrometry conditions used to estimate each radical with spin-trapping reagent were as follows: microwave frequency: 9414.499 ± 5.000 MHz, microwave power: 4.00 mW, field center: 335.32 ± 0.5 mT, sweep width: ±5.00 mT, modulation frequency: 100.00 kHz, modulation width +/−: 0.1 mT, sweep time: 0.5--5 min, amplitude: 1.500--2.500, and time constant: 0.03--0.5 s, at room temperature. ESR universal cavity (JEOL, ES-UCX2 : TE011 mode cavity) with an X-band microwave unit (8.750--9.650 GHz). ESR standard marker: manganese oxide (MnO) powder (JEOL DATUM, MO7-FB-4) aqueous sample cell (JEOL, ES-LC12), sample volume: 20--100 *μ*L. A tissue-type quartz cell (Labotec, Tokyo) with home-made cover glass (Size: 40 × 5 × 0.5 mm in thickness).

2.4. ESR Signal Measurement in Animal Tissue {#sec2.4}
--------------------------------------------

### 2.4.1. Animals {#sec2.4.1}

For postmortem change experiments, male ddY mice (Nihon SLC, Shizuoka, Japan) weighing 20.1--25.7 g (6 to 8 weeks old) were used. The animals were housed at a room temperature of 20.2--25.3°C under a 12-h light-dark cycle (lights on at 7:00 a.m.). Food and water were available ad libitum. All of the following procedures were conducted in accordance with the guiding principles for the care and use of laboratory animals promulgated by the Japanese Pharmacological Society and with the guidelines for animal care in our laboratories, as approved by the Tokyo Women\'s Medical University Committee on animal care and use. Food was withdrawn 24 h before experiments.

### 2.4.2. Removal of Tissue and ESR Analysis {#sec2.4.2}

Mice were sacrificed by dislocating their cervical spine. The tissues were immediately removed and placed on an ice-cold plate after being rinsed with ice-cold buffer (0.1 mol/L phosphate buffer/saline, pH 7.8). The tissues were sliced into 0.2--0.3 mm in thickness using a microtome (KN3150465) (Kenis, Osaka, Japan). Slice weight was measured for normalizing ESR signal of each radical. Brain tissues were removed from the cerebral hemisphere. Hart tissues were removed from the lower tip of the atrium. Tissues of lung, liver, kidney, and pancreas were collected. Muscle tissues were removed from the thigh muscle of right legs. Skin tissues were removed from the tip of ears. Whole blood was sampled from the heart. DMPO (10--50 *μ*L) was added to the tissue samples (10--50 mg) or the blood (10--50 *μ*L) immediately after being weighed, and at precisely five minutes after remove, ESR signals were measured. To identify obtained peaks, the signals measured were analyzed by specialized analysis software, installed in the ESR device, for determining the *g*-value and hfcc calculated from the distance between peaks. After the adduct signals of superoxide were confirmed, the decaying of the peak was monitored by adding SOD solution to cuvettes containing samples.

2.5. Postmortem Change {#sec2.5}
----------------------

Mice were sacrificed by dislocating their cervical spine. Their tissues were collected, and their ESR spin adduct signals were detected by the procedures described above. For observing postmortem change of ESR signal, the sliced tissues were stored at 4°C and for 3--125, 163, 205 days after being sealed with polyvinylidene chloride film to prevent water evaporation for creating fixed decomposition conditions. The sliced mouse tissues were ESR-analyzed on the 3, 15, 30, 60, 125, 163, and 205 days postmortem by the procedures described above.

2.6. Chemicals {#sec2.6}
--------------

The chemicals used in the present study were 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (Labotec, Tokyo, Japan), 5-(dipropoxy phosphoryl)-5-methyl-1-pyrroline N-oxide (DPPMPO), (Dojin chemicals, Kumamoto, Japan), xanthine oxidase (MP Biomedicals, Ohio, USA), hypoxanthine (Wako Pure Chemical Industries, Osaka, Japan), methanol, (USP grade), dimethyl sulfoxide, sequencing (DMSO) (Pierce Biotechnology, Ill, USA), hydrogen peroxide (Wako Pure Chemical,) ferrous sulfate, (USP grade), superoxide dismutase, from bovine erythrocytes (Cu/Zn Type) (Wako Pure Chemical), L(+)- ascorbic acid (Wako Pure Chemical), and 3,5-dibromo-4-nitrosobenzenesulfonic acid sodium salt (MP Biomedicals, Inc., Ohio, USA). All other chemicals were of analytical grade.

2.7. Data Analysis {#sec2.7}
------------------

Standard ESR signals were recorded on the ESR computer system, the position and height of peaks were recorded together with the height of the internal standard. *g*-value and hfcc were calculated automatically after measurements with ESR computer software. The ESR signals of samples were identified by determining the *g*-value and hfcc of measurable peaks and compared with the peak values of standard radicals.

2.8. Statistical Analysis {#sec2.8}
-------------------------

Data are expressed as the mean with S.E.M. One-way ANOVA followed by Dunnett\'s multiple comparison test was used for evaluating the significance of difference. A *P* less than \<.05 was considered significant. In the analysis of an ESR signal of postmortem change, regression line, correlation coefficient (*R1*), contribution rate (*R2*), and the significant difference calibration were calculated by a method of Pearson. A correlation coefficient (*R1*) ≧ 0.7 and a contribution rate ≧ 0.5 were considered significant.

3. Results {#sec3}
==========

Signals A, B, C, and D shown in [Figure 1](#fig1){ref-type="fig"} were originated from DMPO-OOH (superoxide adduct signal), DMPO-AsA\* (AsA radical adduct signal), DMPO-H (hydrogen radical adduct signal), and DMPO-OH (hydroxyl radical adduct signal), respectively. The hfcc of DMPO-OOH, DMPO-AsA\*, and DMPO-H was in agreement to three digits after decimal point within the max range of ±0.0009, and this value was almost the same as the previous study \[[@B20]\]. With regard to DMPO-OOH, when peaks decayed, adjacent peaks were merged, making it difficult to distinguish their *g*-values, because aH*γ* values (0.132) was quite small. Therefore, the *g*-values of combined adjacent peaks were determined by the standard peaks in advance, and the *g*-values and the distance between the combined peaks were used for identification. The following *g*-values were determined from the standard waveform and used to identify the peaks detected in the organs when peaks decayed in tissue. For example, in [Figure 1(a)](#fig1){ref-type="fig"}, (I′) was the center point *g*-value between the *g*-value of the highest point of peak (I) and the *g*-value of the lowest point of peak (II) (2.0173). (II′) was the center point the *g*-value between the *g*-value of the highest point of peak (III) and the *g*-value of the lowest point of peak (VI) (2.0096). Further tests for identification showed that the peak of DMPO-OH was decayed with the addition of AsA solution, while the peak of DMPO-OOH was decayed with the addition of SOD solution. The existence of hydrogen radicals was confirmed by observing orange color in the DDTMK-added hydrogen-radical solution. These results confirmed that the peaks of the spin adducts artificially generated were adequate as standard peaks. The *g*-value and hfcc of DMPO-AsA\* signal were 2.0045 and 0.187, respectively. These values were almost the same as the previous study \[[@B22]\]. The tissue samples were the brain, hart, lung, liver, kidney, pancreas, muscle, and skin of ddy mice. Various ESR spin adduct signals including AsA signal were detected in these samples. These results showed that DMPO-AsA\*, DMPO-OOH, and DMPO-H were detectable and identifiable in the mouse tissue.

[Figure 2](#fig2){ref-type="fig"} shows ESR signals of DMPO adduct of normal mice from brain, lung, muscle from femoral, skin from ear, heart, liver, kidney, and pancreas. The marks (●, ▲, and ■) were added to the peak that accords with the g-value of standard signal in Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}. Measurement of the standard waveform and hyperfine structure constant of free radicals was performed. [Figure 1](#fig1){ref-type="fig"} shows the spectrum of DMPO standard adduct signals of various free radicals that were artificially generated. Postmortem changes in DMPO-AsA∗ and DMPO-OOH signals were observed at 4 °C in various tissues of the mouse. [Figure 3(a)](#fig3){ref-type="fig"} shows the change of signal from brain; [Figure 4(a)](#fig4){ref-type="fig"}, lung; [Figure 5(a)](#fig5){ref-type="fig"}, heart; [Figure 6(a)](#fig6){ref-type="fig"}, liver. The brain was measured up to 125 days before tissue destruction, the lungs and the liver were able to be measured up to 163 days, and the heart, a strong tissue, was measured up to 205 days. The signal peaks of the spin adducts identified were monitored at the 125, 163, and 205th day after postmortem. The increase of signal intensity ratio was observed from 0 to 3 days posthumously but no significant difference.

All peak intensity ratios decreased postmortem. The decrease rate was found to be straight on the logarithmical scale of postmortem period. The regression analysis of the signal intensity ratio and the postmortem period was performed for each tissue. The results of regression analysis of brain were shown in [Figure 3(b)](#fig3){ref-type="fig"}; lung, [Figure 4(b)](#fig4){ref-type="fig"}; heart, [Figure 5(b)](#fig5){ref-type="fig"}; liver, [Figure 6(b)](#fig6){ref-type="fig"}. Furthermore, correlation coefficient (*R1*), the square of R1 (*R2*), and the probability of error (*P*) were also calculated. The linearity of DMPO-AsA\* was found to be better than that of DMPO-OOH from the former\'s higher correlation coefficient. The linearity of DMPO-AsA\* in the liver tissue (*y* = −40.7*x* + 113.8, *x* = log(day), *R*1 = −0.779, (*P* \< .001)) and brain (*y* = −  45.3*x* + 110.1, *x* = log(day), *R*1 = − 0.739, *P* \< .001) was meaningful.

4. Discussion {#sec4}
=============

The significant amount of AsA is found in the body and is one of redox molecules first consumed by oxidative stress \[[@B23]\]. AsA is particularly an essential factor in eliminating ROS (reactive oxygen species) in which hydroxyl radicals are the most highly toxic. The lifetime of AsA\* is extremely short, being measured in microseconds, which makes them extremely difficult to be detected. To date, research has been carried out via an ESR spin drum (trapping) method. However, X-band electromagnetic waves, which are emitted from whole tissues using the spin trapping method, are attenuated due to the body moisture of WIEL. Therefore, detecting the signals with this conventional method is difficult and is limited to be applied to a tissue such as brain emitting comparatively strong signals.

In this experiment, a high purity quart cuvette was improved (modified), and by a new spin trap agent, DMPO, with a high permeability to brain tissues, the detection sensitivity of signal of AsA\* in brain tissues was improved successfully by modifying the method described as follows. The permeability of X-band waves was improved by a thin tissue sample that was half of that used. WIDL was also minimized by drastically reducing the overall fluid volume (including a large quantity of moisture) added to ESR cavity for each organ from 150 *μ*L to 20--50 *μ*L. The attenuation in electromagnetic waves caused by cover glass was also reduced by making cover glass thinner (0.15 *μ*m). The ratio of the spin trap solution and the mass of each tissue slice was changed to 1.2 : 1 to improve its sensitivity. While the Masumizu method used grease on the edge of the cover glass to fix specimen, the weight of cover glass in our method was very light and its surface tension was sufficient to attach sample tissue without grease, ignoring the spectral and chemical changes induced by the grease itself. The new procedure was able to measure ESR signal from sample with high sensitivity.

It is demonstrated that a substantial improvement in the sensitivity of detecting DMPO-AsA\* and DMPO-OOH signals occurred and that the obvious peaks of DMPO-AsA\* and DMPO-OOH were detected with ESR even without oxidative stress. In a condition without oxidative stress, DMPO-OOH signals were high in heart, liver, and kidney among postmortem tissues while DMPO-AsA\* signals were detected especially high in the brain and lungs samples. In the previous study \[[@B20]\], only the traces of AsA\* adducts were detected in tissue with a low AsA concentration and it was difficult to measure them except brain. However, this study was able to show the spin adduct signals of AsA\* even in tissue with a low AsA concentration without adding oxidative stress. In other words, AsA\* adducts can now be detected in almost all tissue including brain, lung, heart, liver, kidney, pancreas, muscle, and skin. These results indicate that oxidative stress can be easily detected in almost all tissue as long as DMPO-AsA\* adducts are used as indicators for oxidative stress. AsA\* adducts are observed, when AsA reacts with hydroxyl radicals or ROS such as superoxide and also when AsA removes an electron in the regeneration process of tocopheryl radicals. On that time, these AsA\* react with spin trap agents resulting in DMPO-AsA\*. Reacting especially with hydroxyl radicals, AsA is known as a hydroxyl radical scavenger in the body. It is highly possible that the spin adducts of AsA\* are the byproducts of these radical reactions. The peaks of DMPO-AsA\* were composed of twin peaks of the same height, with *g*-values of 2.0057 and 2.0045 and a hfcc of 0.187 mT. The signals of DMPO-AsA\* agree well with those values reported by Masumizu et al. \[[@B22]\], that is, the *g*-value and hfcc (aH) of a doublet were 2.0048 and 0.187 mT. Regarding the hydrogen radical, the *g*-values and those of its nine characteristic peaks were measured (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Although all nine peaks were unable to be observed always, the *g*-values of peaks observed in tissue were able to be measured and compared with the standard peaks. In mouse tissue in this study, DMPO detected an AsA radicals adduct signal, superoxide adduct signal, and several other adduct signals with the same *g*-values as a hydrogen radicals adduct signal.

ESR signals from sample tissue were identified as DMPO-OOH, DMPO-AsA\*, and DMPO-H by comparing their hfcc with the reference values. Regarding DMPO-OH, a peak of equal *g*-values was detected only at trace level from tissue. Although the peak height of spin adducts in the spectrum varies depending on the concentration of spin trap agents, by thin-sliced tissue and the conditioning of spelling Q-DIP, DMPO-AsA\* clearly showed better sensitivity than DMPO-OOH or DMPO-H which are detected at the same time. Since the signal of DMPO-AsA\* was stable in comparison with DMPO-OOH or DMPO-H, DMPO-AsA\* might be more useful in detecting intracellular oxidative stress than DMPO-OOH or DMPO-H.

As one disadvantage, DMPO-OOH is overlapped by background signals, especially in heart and other muscles, thus making it difficult to distinguish. Conversely, DMPO-AsA\* can yield clear signals, although the *g*-value overlaps that of DMPO-OOH. Therefore, DMPO is considered a useful spin trap agent, especially for detecting intracellular AsA\*. The signals of DMPO-AsA\* was detected in mouse brain and lung more clearly than another tissue in this ESR measurement. The signals of DMPO-OOH were detected in mouse heart and liver more clearly than other tissues. Intracellular AsA concentration in tissues (brain, lung, liver, kidney, and pancreas) is higher than extracellular AsA concentration (like in blood), because superoxide was speculated to have an extracellular source. In regards to AsA\*, for DMPO-AsA\*, the detection peaks for both of these were, in order from the highest to the lowest, brain \> lung \> liver \> kidney \> heart \> muscle. Brain and lungs tissues have an antioxidation stress system, because both tissues are able to receive oxidation stress easily \[[@B24]--[@B27]\]. As for the high detection levels of AsA\* in brain and lung, the concentration of AsA in organ is brain \> lung \> liver \> kidney \> heart \> muscle \[[@B28]\]. Brain and lung are known to have an especially high AsA concentration. Therefore, there is a possibility that the peak heights of DPPMPO AsA reflect AsA concentration within respective tissue. The signal intensity ratio of DMPO-OOH was high in heart and liver tissues.

The heights of respective peaks of DMPO-OOH at 0 days postmortem were, except blood, in order, heart (50%) and liver (50%) \> brain (45%) and lungs (45%); this appeared to have matched the ranking of respective iron concentrations within each organ. The peak heights of DMPO-OOH were found to be dependent on the iron concentrations of hemoglobin being the main representative among components within each tissue. It is the experimentally found results. In a previous study, regarding iron concentrations in each organ, the blood was reported to have the highest concentrations; for a mouse of age 100 days, iron concentrations in heart, liver, kidney, and brain were 298, 254, 245, and 89 ng Fe/mg dry wt, respectively \[[@B29]\]. In an organism, 70% Fe exists in blood hemoglobin, while 20% to 25% exists in water-soluble ferritin and insoluble hemosiderin in the liver, spleen, bone marrow, and so forth. In blood serum, Fe exists in transferrin. Numerous reports describe multiple generation systems producing superoxide from blood. For example, a system generating superoxide is activated by phagocytes. Especially, the present study was able to continue to detect superoxide and AsA radical adduct signals in heart over 200 days postmortem ([Figure 5](#fig5){ref-type="fig"}). Further, at around 200 days, heart tissue color was found to change from black to a yellowish brown, and as an organ dries and hardens, the most of cells in the organ are presumed to die. Nevertheless, even from such tissue, the trace amounts of superoxide continued to be detected. The linearity of DMPO-AsA\* was found to be better than that of DMPO-OOH from the correlation coefficients. The linearity of DMPO-AsA\* liver (*y* = 40.7*x* + 113.8, *x* = log(day), *R1* = −0.779) was found to be the best ([Figure 6](#fig6){ref-type="fig"}), because it was thought that ([1](#EEq1){ref-type="disp-formula"}) the liver AsA level at death time was comparatively high and ([2](#EEq2){ref-type="disp-formula"}) the configuration of liver tissue was stable posthumously.

As a possible system for generating superoxide over a long postmortem duration, the best candidate was thought to be the oxidation process of iron in hemoglobin.

Hemoglobin contains four hemes; when heme iron is Fe(II), it reversibly binds with oxygen. Hemoglobin with oxygen (oxyhemoglobin) oxidizes postmortem and becomes methemoglobin containing Fe(III). At the reaction step, electrons are released and superoxide and H~2~O~2~ are generated (Haber-Weiss reaction) \[[@B30]\]:

$$\left. \text{Fe}\left( \text{II} \right) + \text{O}_{2}\rightarrow\text{Fe}\left( \text{III} \right) + \left( {\text{O}_{2}}^{\bullet} \right)^{-} \right.$$

It is a well-known fact that hydrogen peroxide is produced from the reaction of superoxide dismutase and superoxide \[[@B31]\]. It has recently become clear that Fe(II) generates hydrogen peroxide (H~2~O~2~) \[[@B32], [@B33]\] due to the reaction of superoxide and H^+^(hydrogen ion) and further, that due to the reaction of ([3](#EEq3){ref-type="disp-formula"}), a hydroxyl radical is produced \[[@B34]\]:

$$\left. \text{Fe}\left( \text{II} \right){\,\,} + {\,\,}\left( {\text{O}_{2}}^{\bullet} \right)^{-}{\,\,} + {\,\,}{2\text{H}}^{+}\rightarrow\text{Fe}\left( \text{III} \right) + \text{H}_{2}\text{O}_{2} \right.$$

The iron in these reactions may be dissolved or surface bound as these reactions can occur in solution or on pyrite surface \[[@B35]\]. The hydrogen peroxide is generated with reaction ([2](#EEq2){ref-type="disp-formula"}) due to the Fenton reaction with Fe(II) and produces a hydroxyl radical:

$$\begin{aligned}
{\text{Fe}\left( \text{II} \right) + \text{H}_{2}\text{O}_{2}} & \left. \rightarrow{{}^{\bullet}\text{O}}_{3}\text{H}{\,\,} + {\,\,}\text{OH}^{-}{\,\,} + {\,\,}\text{Fe}\left( \text{III} \right) \right. \\
\end{aligned}$$

It is thought that the large amounts of generated superoxide cause further hemoglobin oxidation and that they promote further the production of methemoglobin. Ito et al., reported that iron oxidation reaction proceeds in iron protein and AsA \[[@B20]\].

Furthermore, AsA reduces iron as the following reaction of iron-proteins and AsA; this reaction would be recycled. Possible reactions proceed in the following sequence:

$$\begin{matrix}
\left. \text{Fe}\left( \text{II} \right){\,\,}\text{Protein} + \text{O}_{2}\rightarrow{\,\,}\text{Fe}\left( \text{III} \right){\,\,}\text{Protein} + \left( \text{O}_{2}^{\bullet} \right) \right. \\
\end{matrix}$$ $$\begin{matrix}
\begin{matrix}
\left. \text{Fe}\left( \text{II} \right){\,\,}\text{Protein} + \left( {\text{O}_{2}}^{\bullet} \right)^{-} + {2\text{H}}^{+}\rightarrow\text{Fe}\left( \text{III} \right){\,\,}\text{Protein} + \text{H}_{2}\text{O}_{2} \right. \\
\end{matrix} \\
\end{matrix}$$ $$\begin{matrix}
\left. \text{Fe}\left( \text{II} \right){\,\,}\text{Protein}{\,\,} + {\,\,}\text{H}_{2}\text{O}_{2}\rightarrow{{}^{\bullet}\text{O}}_{3}\text{H} + \text{OH}^{-} + \text{Fe}\left( \text{III} \right){\,\,}\text{Protein} \right. \\
{\quad\quad\quad\,\quad\,\, + \text{OH}^{-} + \text{Fe}\left( \text{III} \right)} \\
\end{matrix}$$ $$\left. \text{Fe}\left( \text{III} \right){\,\,}\text{Protein} + {\,\,}\text{AsA}\rightarrow\text{Fe}\left( \text{II} \right)\,\,\text{Protein} + \text{AsA}^{\bullet} \right.$$

Iron-protein recycling reaction with AsA suggested that the reactions would potentially continue for long time.

Hochstein and collaborators \[[@B36], [@B37]\] reported that the oxidation of myoglobin into ferrylmyoglobin (MbIV) is a critical event in tissue damage associated with cardiac ischaemic reperfusion states. Also, superoxide extricates free Fe from Fe-binding proteins such as ferritin, thereby assisting in the oxidation of Fe \[[@B38]\]. Further, in this study, DMPO-OOH originating from the blood was confirmed to be suppressed (inhibited) by the addition of citric acid, an iron chelator. It is because the content is an experimental result. In this way, in the postmortem observations in our experiments, over a long term, DMPO-OOH from tissue samples was detected, because the superoxide generation system became the main source for generating superoxide in tissue during postmortem. The linear decrease of superoxide indicated the reduction of superoxide generation in the oxidation process of Fe(II) to Fe(III).

However, in the tissue, numerous other O~2~ generation sources were observed in addition to iron oxidation. For example, in several days postmortem, phagocytes in blood such as neutrophils, eosinophils, monocytes, and macrophages, and so forth, were thought to produce superoxide by NADPH and NADPH oxidase reactions from the stimuli of bacterial proliferation, protein degeneration, and and so forth \[[@B39]\]. From ESR signal of liver, the peak where the *g*-values of DMPO-OOH, DMPO-AsA\*, and DMPO-H were recognized. In the liver, mitochondria in hepatocytes are active occurred, and superoxide is produced by drug metabolism \[[@B40], [@B41]\]. Superoxide apparently appears more in the liver, which is an organ most easily exposed to superoxide, because of the extremely high level of superoxide dismutase (SOD) activity reported in the liver \[[@B41]\]. SOD activity is also high in the liver, kidneys, and heart \[[@B42]\]. The main sources of superoxide in the liver are reportedly microsome P450 (P450IIE1) and NADH during the metabolism of substances like alcohol \[[@B43]\]. In a previous study, it was reported that the majority of superoxides originating from tissue are metabolic byproducts from mitochondria, respiration, and microsomes \[[@B40]\]. In the brain, superoxide is reportedly produced, when the nervous system is directly exposed to hemoglobin, which releases a large amount of iron \[[@B45]\]. In nerve cells, superoxide is produced by the oxidizing system of dopamine and catecholamine \[[@B46]\]. The generation of superoxide in the brain gives neuronal death, which is considered as a cause of damage to the nerve cells, as manifested in diseases including multiple sclerosis, the deterioration of cognitive function with aging, dementia, amyotrophic lateral sclerosis (ALS), and Alzheimer\'s and Parkinson\'s diseases \[[@B47]\].

The results of our experiments showed a tendency for increasing the peak height of DMPO-OOH, a spin adduct for superoxide, from immediately to several days after death. DMPO-OOH occurring from the superoxide production system of hepatocytes as mentioned above is also considered as the part of this increase. All mean values on three days after death were slightly above the line of the superoxide decay curve; it may be the indication of other superoxide sources than Fe. However, the marginal differences in these values imply that the postmortem occurrence of superoxide still remains a major source for generating superoxide three days after death regardless of the origin of control. For several days postmortem, cells in tissue samples remain alive and the tissues are under ischemic condition. The increase of DMPO-OOH during these postmortem days is speculated to be due to the occurrence of superoxide caused by reaction with ischemia from hypoxic condition.

In this study, the sensitivity of detecting DMPO adduct signals in the tissue was improved using an X-band ESR and the spin trap method. For reducing the decay caused by WIDL of X-band, sample cuvette in ESR instrument was also modified and DMPO was examined as a new spin trap agent. By these improvements, spin adduct signals were detected from brain, lungs, heart, liver, kidneys, pancreas, muscles, and skin tissues and the signals were confirmed to be the genuine adduct signals of superoxide and AsA\* from their *g*-values and hfcc-values of standard signal. In the postmortem follow up, DMPO-OOH, DMPO-AsA\*, and DMPO-H were detected not only in the fresh tissue but also in the tissue of a mouse that had been stored more than 200 days after death in 4°C. DMPO-AsA\* in liver was found to linearly decrease to logarithm of postmortem. It was related linearly to the logarithm of duration and not linearly to postmortem duration. Therefore, DMPO-AsA\* signals were found to be a useful indicator estimating postmortem duration and oxidative damages in various tissue.

![Standard ESR signals of DMPO- and DPPMPO-adducts.](JT2011-973172.001){#fig1}

![The representative examples of DMPO adduct signals from various mice tissues. The marks (●,▲, and ■) show the peaks that were the same peaks having the *g*-value of standard signal.](JT2011-973172.002){#fig2}

![(a) Postmortem DMPO-adduct signal intensity in mouse brain. The columns and the lines show the postmortem signal intensity ratios of brain and S.E.M. of the means (*n*= 8). The *y*-axis shows the percentage of peak signal intensity ratio, which was calculated by assuming that the intensity of MnO (500 nmol/L) was 100%. \**P* \< .05, \*\**P* \< .01, versus 0 days. (b) Time course of postmortem DMPO-adduct signal intensity ratio in mice brain. The *Y*-axis shows the percentage of peak signal intensity, which was calculated by assuming that the intensity at 3 day postmortem was 100%. *X*-axis is expressed in Log(day). \**P* \< .05, \*\**P* \< .01, versus 3 days. The regression lines, correlation coefficient (*R1*), the square of *R1* (*R2*) and the probability of error (*P*-value) were calculated.](JT2011-973172.003){#fig3}

![(a) Postmortem DMPO-adduct signal intensity in mouse lung. The columns and the lines show the postmortem signal intensity ratios of brain and S.E.M. of the means (*n* = 8). The *y*-axis shows the percentage of peak signal intensity ratio, which was calculated by assuming that the intensity of MnO (500 nmol/L) was 100%. \**P* \< .05, \*\**P* \< .01, versus 0 days. (b) Time course of postmortem DMPO-adduct signal intensity ratio in mouse lung. The *y*-axis shows the percentage of peak signal intensity, which was calculated by assuming that the intensity at 3 day postmortem was 100%. *X*-axis is expressed in log(day). \**P* \< .05, \*\**P* \< .01, versus 3 days. The regression lines, correlation coefficient (*R1*), contribution rate (*R2*), and the probability of error (*P*-value) were calculated.](JT2011-973172.004){#fig4}

![(a) Postmortem DMPO-adduct signal intensity in mouse heart. The columns and the lines show the postmortem signal intensity ratios of brain and S.E.M. of the means (*n* = 8). The *y*-axis shows the percentage of peak signal intensity ratio, which was calculated by assuming that the intensity of MnO (500 nmol/L) was 100%. \**P* \< .05, \*\**P* \< .01, versus 0 days. (b) Time course of postmortem DMPO-adduct signal intensity ratio in mouse heart. The *y*-axis shows the percentage of peak signal intensity, which was calculated by assuming that the intensity at 3 day postmortem was 100%. *X*-axis is expressed in Log(day). \**P* \< .05, \*\**P* \< .01, versus 3 days. The regression lines, correlation coefficient (*R1*), contribution rate (*R2*), and the probability of error (*P*-value) were calculated.](JT2011-973172.005){#fig5}

![(a) Postmortem DMPO-adduct signal intensity in mouse liver. The columns and the lines show the postmortem signal intensity ratio of brain and S.E.M. of the means (*n* = 8). The *y*-axis shows the percentage of peak signal intensity ratio, which was calculated by assuming that the intensity of MnO (500 nmol/L) was 100%. \**P* \< .05, \*\**P* \< .01, versus 0 days. (b)Time course of postmortem DMPO-adduct signal intensity ratio in mouse liver. The y-axis shows the percentage of peak signal intensity, which was calculated by assuming that the intensity at 3 day postmortem was 100%. *X*-axis is expressed in Log(day). \**P* \< .05, \*\**P* \< .01, versus 3 days. The regression lines, correlation coefficient (*R1*), contribution rate (*R2*) and the probability of error (*P*-value) were calculated.](JT2011-973172.006){#fig6}
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